Thermal analysis was used to investigate the adsorbed water layers and surface properties of various pure and modified commercial activated carbons. In addition, the thermodesorption of n-butanol, n-octane and benzene from samples saturated in a vacuum desiccator was studied under quasi-isothermal conditions. The mass loss Q-TG and differential mass loss Q-DTG curves obtained consisted of steps and inflections which were associated with the mechanism of wetting, adsorption and porosity properties of the studied surfaces. Adsorption/desorption isotherms of nitrogen on the activated carbon samples were measured using a sorptiomatic method. The specific surface areas, pore sizes, pore volumes and pore-size distribution functions have been calculated for the various samples. A correlation between the porosity parameters obtained from thermogravimetric and sorptiometric methods is presented.
INTRODUCTION
The preparation and properties of liquid films adsorbed on activated carbon surfaces have been the subject of many research studies (Guo and Lua 1999; Tamon et al. 1999; Hu et al. 2000) . Such interest arises from certain features accompanying liquid adsorption on activated carbons: its positive or negative influence on the adsorption and chemisorption of other vapours or gases as well as its influence on the catalytic activity and surface reactivity of these solids (Hu et al. 1999; Mangun et al. 1999) . Among various kinds of porous solids, active carbons are most widely applied in industry, science and everyday life (Bansal et al. 1988; Leboda et al. 1998; .
These materials are strongly heterogeneous because they possess various surface groups, impurities and/or irregularities as well as fine pores of different sizes and shapes. Their well-developed porous structures arise from a combination of micropores (width below 2 nm), mesopores (width between 2 and 50 nm) and macropores (width over 50 nm) (Manivannan et al. 1999; . A great number of approaches have been proposed for evaluating adsorbed liquid films and the heterogeneous properties of activated carbons using adsorption techniques. Although these approaches are extremely useful for the characterisation of liquid/active carbon systems, they are time consuming and have become less and less popular. Thus, a need arises for the development of simpler methods for characterising the above systems (Leboda et al. 1997; Staszczuk et al. 1992) .
Thermal analysis, which is a simple technique for measuring the weight loss of a sample as a function of temperature, is commonly used to study the decomposition and thermal stability of inorganic and organic compounds. Moreover, this method has been used to investigate the porosity and sorption properties, such as the adsorption capacity, pore volume, wetting phenomena, nature of the active centres, the discontinuous change of adsorbed layers, of solid materials relative to different liquids. Special techniques for thermal analysis under quasi-isothermal conditions have been adopted for the study of liquid/solid systems . The effects taking place during processes that are the reverse of adsorption, i.e. during the programmed thermodesorption of a liquid from a solid surface, have been described. It is possible to obtain important information concerning the surface capacity (layer thickness) and properties of adsorbed liquid films (peaks on the Q-DTG curves), the mechanism of surface film destruction, the kinetic thermodesorption of liquid films and their stability, from one single and quick experiment. The above technique can be applied to study the effect of the chemical modification of the heterogeneity of active carbon surfaces on their adsorption capacities and on the formation of liquid films (Staszczuk 1996) . Moreover, through the use of a single Q-DTG curve, it is possible to determine the total (energetic and geometric) heterogeneity of the studied material (Bogillo and Staszczuk 1999) .
In the present case, the adsorption and porosity parameters of the pure and modified active carbons have been studied using an experimental Q-TG technique and compared with similar parameters obtained by classical sorptiometric techniques.
EXPERIMENTAL
Studies were carried out on pure and modified active carbon samples (Merck Co., Germany, particle sizes 0.5-1 mm for gas chromatography). This granular activated carbon is characterised by a relatively low (2.8%) content of mineral impurities. Prior to undertaking the thermogravimetric measurements, the samples of pure and modified activated carbon were heated at 200ºC for 8 h and then wetted with water, n-butanol, benzene and n-octane vapours in a vacuum desiccator at P/P 0 = 1 for 1 d. The pure samples were modified by immersion with heating in HNO 3 and H 2 O 2 (concentrated hydrogen peroxide) for 12 h.
Thermogravimetric studies were made using a simultaneous derivatograph Q-1500 D (MOM, Budapest, Hungary) analyser equipped with an automatic ultra-slow procedure and a special crucible, which was capable of maintaining a quasi-isothermal heating procedure to increase the resolution during thermal analysis (Paulik 1995) . Measurements of the thermodesorption of the liquid were carried out under such quasi-isothermal conditions over the temperature range 20-200ºC employing a heating rate of 6ºC/min for the furnace. The instrument regulated this heating rate automatically so that a constant temperature was maintained during the monoenergetic thermodesorption stage. The mass loss Q-TG and differential mass loss Q-DTG curves were registered digitally using the Derivat program in conjunction with a PC for control purposes (Staszczuk 1998). The specific surface area, pore size, total pore volume and pore size distribution functions (i.e. geometrical heterogeneity) of each of the studied samples were calculated from low-temperature nitrogen adsorption/desorption isotherms measured by means of a Sorptiomat ASAP 2405 V1.01 apparatus (Micromeritics, Norcross, GA, USA).
RESULTS AND DISCUSSION
The Q-TG and Q-DTG curves relative to temperature for the thermodesorption of water from the pure activated carbon surface are depicted in Figure 1 . The Q-DTG curve is characterised by a When the Q-DTG curves are characterised by two peaks (inflections), these occur over the temperature range 100-130ºC corresponding to the desorption stages of water situated in micro-and meso-pores and adsorbed on active centres of different energy. Differences in the shapes of these curves are caused by the presence of different centres (e.g. oxide groups) on the studied samples. From Figures 1-3 , it would appear that the thermodesorption processes for water were complete at ca. 150-200ºC.
The Q-DTG curves in the above figures characterise a 'spectrum' of thermodesorption processes and reflect the energetic state of water molecules on an active carbon surface possessing various heterogeneous properties. The shape of the Q-DTG curves results from the discontinuous properties of adsorbed water layers and the disruption of water-water and water-carbon surface bonds. Similar Q-TG and Q-DTG curves were obtained for the n-butanol, benzene and n-octane/ active carbon systems. The Q-DTG curves describe activation energy distribution functions and reflect the energetic heterogeneity of carbons associated with the different active centres on their surfaces (Staszczuk 1998).
The adsorption energies of the studied polar and apolar liquid molecules result from dispersive and non-dispersive (hydrogen) interactions with the carbon surfaces. Those between water or n-butanol and the active carbon surfaces involve stronger hydrogen bonds linked with the larger bonding energy in the structures of the above liquid films when close to surfaces. In contrast, the interaction of n-octane molecules involves dispersive bonds while benzene molecules interact with active carbon surfaces via p-electrons of different densities. The thermodesorption of liquids from the active carbon samples (Figures 1-3) can be explained as follows. The first stage is the evaporation of molecules from mesopores, i.e. desorption of the liquid film corresponding to a region of capillary condensation in the adsorption isotherm. Subsequent stages involve liquid thermodesorption from the micropores and finally from the surface and active sites of the samples (corresponding to the initial stages of the adsorption isotherm).
To compare the surface properties of the investigated active carbons, low-temperature nitrogen adsorption/desorption isotherms were measured at -195ºC employing the automatic apparatus mentioned above. Such adsorption/desorption isotherms provide interesting information and are depicted in Figure 4 (for the pure sample), Figure 5 (for the sample modified with HNO 3 ) and Figure 6 (for the sample modified with H 2 O 2 ). These isotherms were used to calculate the BET specific surface area, micro-and meso-pore surface areas, the maximum amount adsorbed in the micropores and the total amount adsorbed at a relative pressure P/P 0 = 1 for each sample. All the isotherms for the samples studied (which are of type II in the BET classification) exhibit sections corresponding to condensation as well as hysteresis loops either in the 0.45-1.0P/P 0 range ( Figures  4 and 6) or over the whole P/P 0 range ( Figure 5 ). Such behaviour indicates the presence of mesopores on the carbon surfaces. The shape of the hysteresis loop in the adsorption/desorption isotherms arises from the presence of open capillaries possessing various cross-sectional configurations (circular, triangular and/or square). In such capillaries, condensation sometimes occurs initially along their internal angles until a cylindrical meniscus (the result of the joining of angular menisci) appears. Further condensation then takes place until the pores are filled completed, a process which occurs over only a slight change in the relative pressure. With the exception of the Merck sample modified with HNO 3 (Figure 5) , the hysteresis loops for the tested carbons occurred over the same range of relative pressures and exhibited a similar shape. For the HNO 3 -treated sample, the hysteresis loop occurred over a wide range of relative pressure.
The specific surface areas, pore radii and pore volumes of the samples as listed in Tables 1, 2 and 3 were obtained using the standard BET and other methods (i.e. the Langmuir isotherm and the BHJ culmination isotherm for adsorption and desorption). It will be seen from the data recorded in Table 1 that the modified carbon samples exhibited a smaller specific surface area relative to the pure carbon sample. However, surface oxidation (i.e. modification with HNO 3 ) caused considerable changes in the geometric heterogeneity of the sample concerned, with the specific surface area decreasing more than 10-fold. Table 2 lists the pore radii of the tested samples as calculated by different methods, from which it would appear that all the carbon samples tested possessed surface micro-and meso-pores. In all cases, the pore surface areas decreased after modification of the pure carbon sample.
The pore size distributions were calculated from the desorption data by means of the Barrett-Joyner-Halenda method and are presented in Figure 7 (for the pure sample), Figure 8 (for the sample treated with HNO 3 ) and Figure 9 (for the sample treated with H 2 O 2 ). It will be seen from the distributions for the various samples depicted in these figures that pores with a radius in the range ca. 1-1.5 nm were most prominent in all cases, with the concentration of mesopores decreasing as their radii increased in the samples under study. The observed shapes of the pore size distribution curves are typical for most industrial mesoporous adsorbents. Thus, the shapes are similar to those evaluated from low-temperature nitrogen adsorption isotherms on various activated carbons (Leboda et al. 1997) using the method advanced by Dollimore and Heal (1970) .
The Q-TG plots in Figures 1-3 enable an estimation to be made of the adsorption capacity and pore volumes of mesopores on the active carbon surface and the amount of liquid bonded to the surface. Table 4 presents values of the liquid volumes adsorbed on the carbon samples as calculated from the thermogravimetric data. It will be seen that the adsorption capacity of the pure Darius G/ la . zewski et al./Adsorption Science & Technology Vol. 19 No. 6 2001 For pores less than 89.57 nm and P/P 0 = 0.978. b For pores less than 85.4 nm and P/P 0 = 0.977. c For pores less than 97.7 nm and P/P 0 = 0.979. d For pores in the range 1.7-300 nm. Merck sample towards polar liquids (water and n-butanol) was smaller than for apolar liquids (n-octane and benzene). However, after surface modification of the hydrophobic pure carbon surface (through oxidation and the removal of impurities), new active centres were created and the adsorption of polar liquids increased (via stronger interactions between the molecules of the liquid and the surface). It follows from the above results that the use of modified carbons led to an increase in the amount of vicinal water and n-butanol on the surface and in the degree of structural order in the liquid. This led to an increase in the degree of packing of the molecules of the bonded liquid film due to the formation of ice-like structures (especially with water) as the micropore area and volume decreased. In addition, the Q-DTG curves for the carbon samples exposed to water vapour provide information about the specific interactions between water molecules and the active sites on the surface. However, adsorption processes involving n-octane and benzene molecules on pure and modified carbon surfaces exhibited a reverse behaviour. For this reason and because of the strong adsorption occurring in the micropores, the Q-TG and Q-DTG curves in the case of benzene were especially useful for characterising surface and structural heterogeneities as well as for estimating the micropore volume. The liquid volume adsorbed (the adsorption capacity) calculated from thermogravimetric data may be compared with the results for the micro-and meso-pore volumes obtained using the independent sorptiometric method. It was found that a correlation existed between the porosity based on sorptiomatic parameters (Table 3 ) and the amounts of the desorbed liquids (water, n-butanol, n-octane and benzene) estimated by the thermal analysis method (Table 4) , with quite good agreement being observed for the two methods examined.
SUMMARY
On the basis of the results obtained it may be concluded that important information concerning adsorption properties and surface porosities of the samples studied could be obtained from one single and quick thermogravimetric experiment.
Liquid films adsorbed on the surfaces of the active carbons studied exhibited discontinuous changes in physicochemical properties as disclosed by inflections on their corresponding Q-TGA curves. Such behaviour reflects the heterogeneous energetic properties of these surfaces brought about by the existence of different active centres. The pure active carbon sample studied was characterised by a large specific surface area (ca. 1000-1300 m 2 /g), indicating that it possessed a relatively well-developed microporous structure. Modification of the active carbon surface using concentrated hydrogen peroxide or nitric acid led to a decrease in the specific surface area and in the corresponding adsorption values of n-octane and benzene. On the other hand, such oxidation increased the mesopore radii of the treated samples and the adsorption values of water and n-butanol.
The specific surface areas, pore volumes and radii of the various samples, as well as their pore size distribution functions, were calculated on the basis of sorptiomatic data. It was found that the average pore radii of the samples studied lay within the range 1.7-6.76 nm (corresponding to micropores and mesopores according to the IUPAC classification). Using the experimental results obtained from thermogravimetric studies, it was possible to compare the adsorption and porosity parameters for the activated carbon samples studied with the corresponding data obtained from the application of sorptiometric methods, when a good correlation was observed.
